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Introduction
Receptor tyrosine kinases transduce key extracellular signals and trigger multiple cellular events, including proliferation, differentiation, and cytoskeletal rearrangement. A variety of intracellular signaling molecules associate with the phosphorylated tyrosine residues on the cytoplasmic tail of activated RTKs via their SH2 or PTB domains. Mutation of these docking sites results in severely disturbed cellular phenotypes in different model systems, demonstrating the physiological importance of RTK signaling (1) . As every RTK recruits and activates a different combination of signaling proteins via their own tyrosine autophosphorylation sites and sites on closely associated docking proteins (e.g., Gab1, FRS2) (2, 3) it has been considered for a long time that this combinatorial recruitment determines signal specificity.
However, mutant platelet-derived growth factor receptor (PDGFR) lacking binding sites for activation of the PLCγ, PI3K, SHP2 and RasGAP pathways still retain partial ability to induce 64 out of 66 immediate early genes (IEG) induced by the 'wild-type' receptor (4) . The authors also observed induction of almost identical sets of IEGs in response to PDGFRβ and fibroblast growth factor receptor 1 activation in murine fibroblasts, suggesting that different RTK-activated pathways exert broadly overlapping effects on IEG induction. More recently, three groups have demonstrated that specific expression of marker genes for RTK-dependent cell fate decision in Drosophila does not appear to arise from RTK-specific intracellular signaling, but does so through a combination of RTK and non-RTK-signaling that feed into pre-existing cell-specific transcription factors which are induced during earlier developmental stages (5) (6) (7) . Thus, distinct responses to RTKs in different cells can be explained by differences in the cells' developmental histories. These results also suggest that RTKs utilize general signaling pathways or networks with some redundancy, and that the specificity provided by combinatorial recruitment of particular signaling proteins is not that stringent. However, these studies only deal with transcriptional responses to RTK activation, and gene expression changes alone are unlikely to determine biological outcome. For this reason, global analyses of protein synthesis, expression level, activity status and degradation rates are necessary to understand how signals from different RTKs are diversified to provide specific biological outcomes.
The early signaling events associated with RTK activation have been intensively studied and a detailed map of the integrated signaling circuits is emerging. However, the fact that commitment to specific cellular responses such as cell cycle progression, seem to require the continuous exposure to growth factor (GF) for several hours, suggests that there must be essential signaling events occurring throughout this time period (8, 9) . The importance of this sustained versus transient signaling in defining biological outcome is illustrated by the finding that NGF triggers sustained MAPK activation and differentiation of PC12 cells, whereas EGF triggers transient MAPK activation and cell proliferation (10) . Moreover, EGF receptor overexpression in these cells leads to sustained MAPK activation, resulting in their differentiation, further implicating that biological outcome is dependent upon quantitative modulations of the strength and duration of the inducing signals. Cross-talk between pathways may also act synergistically to enhance an internal pathway, as shown for MAPK activation in response to attachment of cells to the extracellular matrix during GF treatment (11) . Finally, pathways may also antagonize one another as found for interferon-γ, which inhibits TGF-β signaling by inducing the expression of the inhibitory Smad7 protein (12) .
Changes in fibroblast morphology in response to short-term growth factor exposure are well characterized. However, these changes are normally transient responses occurring during short-term stimulation, and cytoskeletal changes triggered by long-term stimulation of RTKs have not been well studied. For example, while short-term PDGF treatment induces membrane ruffling and lamellipodial extensions in fibroblasts through activation of the small GTPases Cdc42 and Rac (13, 14) , the establishment of a motile cytoskeleton with retractile dendritic protrusions requires exposure to PDGF for 12 hours (15) .
Here, a 2DE-based proteomic analysis was undertaken to identify GF-specific proteome modifications in Swiss 3T3 cells that define distinct phenotypic outcome, and to investigate the effects of receptor co-activation. As our main objective was to describe the changes in the fibroblasts proteome that underlie the establishment of an elongated, migratory phenotype during long-term PDGF-stimulation, PDGF was used at a concentration of 50 ng/ml, which according to earlier reports should ensure optimal rates of proliferation and cytoskeletal reorganization (16) (17) (18) . The concentration of EGF and IGF-1 were then adjusted to instigate a similar mitogenic effect in the murine fibroblasts. At the used concentration of 100 ng/ml EGF and IGF-1 both promoted the establishment of a well-anchored, round, immotile phenotype.
Long-term treatment with higher concentrations of one or both of these growth factors did not change the phenotypic outcome. 
Two-dimensional gel electrophoresis (2-DE)
Isoelectric focusing with carrier ampholines was performed as previously described (19) . Isoelectric focusing with in-gel reswelling of immobilized pH gradient strips (Immobiline DryStrip pH 3-10NL 18 cm, pH 6-9NL 18 cm (GE Healthcare), or ReadyStrip IPG strips pH 3-6, 17 cm (Biorad)) was performed as described elsewhere (20) . Second dimension electrophoresis was routinely performed in 9-16% gradient SDS-PAGE gels. Proteins were silver stained according to Shevchenko (21) , or stained with the fluorescent dye OGT MP17 according to the manufacturer's protocol (22 Image analysis Gel image analysis was performed using the Melanie 3 software (Genebio).
Quantitation and comparison of radio-labeled protein spot volumes and intensities were performed using a combination of Melanie 3 and the in-house written program ChiMap. The individual spot density values were calculated as the relative difference between the spot density at the given time point, and the spot density on reference gel images, and the final value given is an average of at least three independent experiments. In some cases, PDGF-stimulated gel images (18 hr) were used as reference, as we were unable to detect all the differentially regulated proteins on 35 S-gel images from unstimulated cells. The in-house programme ChiClust (23) was used to identify patterns of protein spots that were similar or different between gels. Variations between spot density and/or volume on the different images are incorporated into a generic % homology value, which can be used to generate a dendrogram or relational tree of homology, as illustrated in Figure 2 . All computer alignments and target selections based on densitometry values were visually crosschecked by at least two operators. Proteins for MS analysis were excised from stained gels either manually or automatically using a robotic cutter (Oxford GlycoSciences).
In-gel digestion Tryptic in-gel digests were essentially prepared as described earlier (24 
Results
Biologic effects of growth factor stimulation Treatment with recombinant PDGF (50 ng/mL), IGF-1 (100 ng/mL) and EGF (100 ng/mL) induced significant and roughly equivalent mitogenic activity in the murine fibroblasts as detected by were presumably sustained by the most distinct patterns of de novo protein synthesis; 18 hours stimulation with PDGF more than doubled the synthesis rate of 15.8% of matched proteins compared to EGF, which more than doubled the synthesis rates of 5.3% of proteins compared to PDGF ( Figure 2C ). The suppressive effects of PDGF treatment were likewise dominant; PDGF reduced the synthesis of 11.4% of matched proteins by greater than 2-fold compared to EGF, whereas EGF reduced the synthesis rates of 3.9% of matched proteins compared to PDGF ( Figure 2D ).
GF-specific temporal modulations and the effects of co-stimulation were reflected by hierarchical clustering analysis. For Figure 2E , the images were clustered using the density patterns of a group of 172 proteins, whose synthesis rates were found to be similarly regulated by the three GFs after 6 hours. In accordance with the gradual reduction in both the numbers of induced proteins and their synthesis rates seen in response to EGF treatment, the images from the EGF 12 and 18 hour treatments clustered in proximity to those from untreated cells ( Figure 2E ).
Changes in protein synthesis induced by EGF were thus rapid and short-lived. The images obtained from cells treated with PDGF and IGF-1 for 18 hours clustered with images obtained from cells exposed to GF for shorter periods, indicating that the synthesis rates of the majority of the 172 reference proteins did not change significantly during long-term treatment with these two
GFs. In the ChiClust analysis shown in Figure 2F , images were clustered according to similarities between all radio-labeled spots. It demonstrates the divergence over time in the patterns of newly synthesized proteins generated following PDGF treatment versus EGF or IGF-1 treatment ( Figure 2F ). Indeed, long-term exposure to PDGF elevated the synthesis of more than 800 proteins. Whilst the number of newly synthesized proteins also declined over time in IGF-1 treated cells, IGF-1 maintained increased de novo synthesis significantly longer than EGF.
Notably, the progressive divergences in synthesis patterns between the different treatments coincided with the development of the two distinct morphological phenotypes (see above). The formation of a migratory cytoskeleton requires continuous exposure to PDGF for 12 hours (15), the time point at which PDGF treatment had produced the most unique pattern of de novo protein synthesis in 3T3 fibroblasts ( Figure 1F ).
Co-stimulation with two GFs resulted in both additive and synergistic increases in protein synthesis rates and the positive effects of receptor co-stimulations were generally more pronounced than the suppressive ( Figure 2C and D) . Notably, while the number of proteins with a more than 2-fold increase in 35 Table S1 ). These represented 105 unique gene products, the majority of which belonged to the following functional groups; proteins involved in the translational machinery, chaperone function, protein degradation, vesicular transport, DNA/RNA synthesis and transport, metabolic pathways and cytoskeleton organization; the latter subset represented by more than twenty species. The synthesis rates of 33 of the identified proteins were predominantly controlled by PDGF. Examples of differentially regulated proteins are provided in Supplementary Data; Figure S5 . Notably, some proteins demonstrated bi-phasic regulation over the observation period, suggesting that secondary signaling events such as autocrine loops may be initiated during long-term GF-stimulation. While the number of co-isolated phosphoproteins was reduced in immunoprecipitates from cells treated with EGF and IGF-1 for 4 hr compared to the numbers found at the 2 hr timepoint, several new phosphoproteins were co-precipitated from PDGF-stimulated cells after 4 hr (white oblique arrows in Figure 3E ). This finding further supports the notion that PDGF-induces a longer-lasting activation of Src kinase than EGF and IGF-1.
Analysis of growth factor induced phospho-signaling
Following both short and long-term GF-treatment, the highest levels of 33 Figure 6F ). While treatment with the MEK inhibitor PD98059 or the TOR kinase inhibitor rapamycin had no effect on the reduced PRS7 synthesis in PDGF and/or IGF-1 stimulated cells, the suppressive effect was abrogated when GFstimulation was performed in the presence of the PI3K inhibitor LY294002 (Figures 6C and E ).
These results demonstrate that RTK-induced PI3K/Akt pathway activation can suppress the synthesis and expression of one of six highly-related 26S proteasome ATPases that belong to the AAA family. Whilst primarily involved in proteasomal degradation, these ATPases have also been implicated in the regulation of transcription (26) . Whether PI3K-specific PRS7 regulation exemplifies a general mechanism that enables RTKs to modify gene expression and/or protein stability by changing the abundance of AAA-family members remains to be demonstrated. Figure 7F ). This finding is consistent with the observation that PDGF produces the most robust and long-lasting phospho-activation of key signal transducers (Figure 3) . Immuno-fluorescence staining demonstrated that RACK-1 was localized to the cytosol of Swiss 3T3 fibroblasts, but was also found in the dendritic protrusions specific to long-term PDGF stimulation ( Figure 7G ). Several areas of dense RACK-1 staining were seen in the retractile protrusions, mainly at sites of cell-cell contact.
IGF-1 and PDGF

PDGF-specific control of cytoskeleton regulators during the establishment of a migratory
phenotype Several F-actin and actomyosin regulators, including acidic calponin, gelsolin, tropomyosin, Lasp-1, septin 2, Sid23p, zyxin, fascin and four subunits of the cytosolic chaperonin CCT were specifically regulated by PDGF. During the initial 6 hours of treatment, PDGF reduced the synthesis rates of acidic calponin, gelsolin, septin 2, septin 11, Lasp-1 and
Sid23p, compared to EGF and IGF-1 ( Figure 8) . Moreover, the suppression of gelsolin, acidic calponin, septin, and Sid23 synthesis was dominant in co-stimulation experiments with PDGF and EGF or IGF-1 (Table S1 ). PDGF induced the most distinctive changes in the synthesis of the actomyosin regulators and septins after 12-18 hours of treatment (Figure 8 ), correlating with development of full morphological differentiation and induction of motility in the Swiss 3T3 fibroblasts ( Figure 1B ).
Lasp-1, an adaptor protein involved in the regulation of specific dynamic actin-plasma membrane-associated activities (27) , displayed an initial reduction in synthesis with PDGF and IGF-1 treatment, but was then dominantly increased at later timepoints with PDGF ( Figure 8 ).
Similarly, long-term PDGF treatment was dominant in increasing the synthesis rates of four Figure 9D ).
The actin-cross linking protein fascin was detected in digests from four 35 S-labeled gel spots that were differentially regulated; however reliable densitometry data could only be derived from two, including the spot containing the most basic fascin form ( Figure 10A and Table S1 ). While the synthesis of the two fascin isoforms remained unaltered in IGF-1 stimulated cells, their synthesis was slightly increased by EGF, but reduced by PDGF treatment ( Figure 10A , left). Lowered levels of fascin expression in PDGF stimulated cells was confirmed by immunoblotting and densitometry analysis of fluorescent dye-stained gels ( Figure   10B ). In contrast, the ratio between the acidic and the basic isoform was increased dominantly by PDGF treatment and displayed a biphasic profile with elevations following 6 and 18 hours of exposure to PDGF ( Figure 10A , right). 2-D immunoblotting suggested up to five isoforms of fascin were generated in response to GF treatment, with the response much lower in EGFtreated cells ( Figure 10C ). The PDGF and IGF-1 induced modifications and expression were attenuated by treatment with either LY294002 or PD184352 (a specific inhibitor of MEK), with LY294002 producing the greatest effect on the ratio between the putative phosphorylated isoforms. These findings suggest that fascin is phosphorylated at multiple sites via a PI3K-dependent pathway. Immuno fluorescence experiments localized fascin to the cytosol, with high abundance in the perinuclear area of Swiss 3T3 fibroblasts and in the dendritic protrusions of PDGF-stimulated cells, where distinct areas of dense staining were observed ( Figure 10D ).
This supports a role for fascin in the extension and retraction of these unique protrusions, whose full development coincide with the observed late increase in the ratio between the acidic and basic isoforms of fascin ( Figure 10A , bottom right).
Since several of the differentially regulated proteins identified are known calciumdependent regulators of actin polymerization and actomyosin ATPase activity (namely acidic calponin, gelsolin and tropomyosin), Ca 2+ binding capacity was next examined using a 2-D 45 Ca-overlay strategy. Although preliminary, this analysis revealed specific differences in the response to different GF treatments (Supplementary Data; Figure S9 ). Similarly, a Fura-2 binding experiment revealed different levels of free intracellular calcium in cells stimulated with the three growth factors (data not shown). It is thus tempting to speculate that the GFspecific changes in the expression of these actomyosin regulators are also coordinated through alterations in calcium-dependent signaling.
Discussion
This multiplexed proteomic study has revealed that while activation of distinct RTKs induce broadly overlapping patterns of protein synthesis, with some synergy displayed in response to co-stimulation, small subsets of the proteome show specific and differential regulation in response to individual growth factors, and that this is likely to determine specific biological outcomes of signaling from different RTKs. We observed a range of distinct regulatory patterns, the majority of which can be explained by differences in timing, strength and duration of their inducing signals, with PI3K activation representing an important point of signal diversification for PDGF versus EGF or IGF-1 signaling. The findings imply that the phenotypic outcome from GF-stimulation depends on the corresponding receptor's ability to sustain distinct signaling activities during long-term exposure to the ligand.
Simultaneous activation of two or more RTKs was also shown to modify protein synthesis and phospho-signaling events. Co-stimulation experiments showed that for some proteins, one GF could have a dominant regulatory effect over the others and was particularly apparent in the case of PDGF-mediated modulation of the cytoskeleton regulators. Moreover, these dominant regulatory effects correlated with the timing of PDGF-specific changes to the Swiss 3T3 fibroblast actin cytoskeleton and conversion to a migratory cell type. Co-stimulation with EGF and IGF-1 also resulted in both additive and synergistic increases in protein syntheses, and correlated with similar phenotypic effects, such as cytoskeletal rearrangement.
This study has also identified several novel regulatory pathways, particularly those involving PDGF-induced PI3K-dependent signaling. For example, the apparent regulated phosphorylation and synthesis of the histone chaperone nucleosome assembly protein-1 like-1 (NAP1L1) is novel, and suggests that chromatin modulation may be required in determining specific responses to PDGF in Swiss 3T3 fibroblasts. Likewise, PDGF and IGF-1 both repressed the synthesis of PRS7, a component of the 26S proteasome. This was reflected in a reduced level of PRS7 protein expression and could be blocked by inhibition of the PI3K/Akt pathway, but was independent of MAPK activity. The synthesis of several other proteasome subunits was also differentially modulated. Whilst this may in turn feed forward to regulate protein turn-over and hence the expression and activity of other identified proteins, there is some evidence implicating these proteasomal proteins in the regulation of transcription initiation and activator destruction (26) , and this may be an alternative mechanism by which specific growth factors can differentially regulate protein expression in a PI3K-dependent manner. Another protein whose expression was With respect to activity suppression, the PDGF-specific, dominant increase in Sadenosylhomocysteine hydrolase (copper binding protein) synthesis (Supplementary Figure   S5I) , is also noteworthy. S-adenosylhomocysteine hydrolase is the only enzyme known to cleave S-adenosylhomocysteine, a product and a potent inhibitor of all S-adenosylmethioninedependent transmethylation reactions. Increased S-adenosylhomocysteine hydrolase activity thus favors DNA/RNA methyltransferase activation through the removal of S-adenosylhomocysteine, which PDGF might exploit to silence specific genes.
As mentioned, the regulatory dominance of PDGF receptor triggering was particularly apparent with respect to the temporal induction and suppression of several regulatory cytoskeletal components that correlated with the timing of the PDGF-specific reorganization of the actomyosin cytoskeleton, the development of dendritic protrusions and the conversion into a migratory cell type. Our demonstration of PDGF-specific regulation of acidic calponin, gelsolin, Lasp-1, tropomyosin alpha-1 chain and fascin is noteworthy, as they are known to interact functionally in regulating actin polymerization, cellular protrusions and actomyosin ATPase activity. Tropomyosin modulates the actin severing activity of gelsolin and can, in conjunction with caldesmon, inhibit the actin-bundling activity of fascin (37) (38) (39) (40) ATPase activity, allowing the high actin-myosin cross-bridge cycling rate necessary for cell contraction and motility. Calcium binding is also likely to play a role in regulating these actin modulators, and we provide preliminary evidence of GF-specific differences in calciumbinding capacity. Indeed, calcium is known to increase the association between calponins and caldesmon for regulation of smooth muscle cell contraction (41) , with calponin also stimulating actin polymerization and bundling to stabilize actin microfilaments (47, 48) . Taken Comparison of the number of matched protein spots showing a >2-fold reduction in 35 Sincorporation between different GF treatments at 18 hr. E. Hierarchical clustering analysis of protein synthesis in GF-stimulated cells. 2D gel images of biosynthetic labeled proteins were clustered according to similarity between the density patterns of a group of 172 proteins, whose synthesis rates were almost identically regulated by the three growth factors after 6 hr. In the resulting relational tree, short branches connect similar images, while increasingly long branches join gel images with diminishing similarity. F. ChiClust clustering analysis of protein synthesis during long-term GF-stimulation. The 2DE images were clustered according to similarities between all radio-labeled protein spots. 
